The neuronal population of the subthalamic nucleus (STN) has the ability to prolong incoming cortical excitation. This could result from intra-STN feedback excitation. The combination of inducible genetic fate mapping techniques with in vitro targeted patch-clamp recordings, allowed identifying a new type of STN neurons that possess a highly collateralized intrinsic axon. The time window of birth dates was found to be narrow (E10.5-E14.5) with very few STN neurons born at E10.5 or E14.5. The fate mapped E11.5-12.5 STN neuronal population included 20% of neurons with profuse axonal branching inside the nucleus and a dendritic arbor that differed from that of STN neurons without local axon collaterals. They had intrinsic electrophysiological properties and in particular, the ability to generate plateau potentials, similar to that of STN neurons without local axon collaterals and more generally to that of classically described STN neurons. This suggests that a subpopulation of STN neurons forms a local glutamatergic network, which together with plateau potentials, allow amplification of hyperdirect cortical inputs and synchronization of the STN neuronal population.
We hypothesized that early-born STN neurons would be good candidates for giving off axon collaterals inside the STN based on studies of early-generated hippocampal CA3 neurons which develop into functional hub cells (Marissal et al., 2012; Picardo et al., 2011) .
To address this issue, we used inducible genetic fate mapping approaches and in vitro targeted patch-clamp recordings to determine the morpho-physiological features of fate mapped STN neurons. During development, glutamatergic neurons transiently express the transcription factor Neurogenin-2 (Ngn2) as they are becoming postmitotic. We have fate mapped glutamatergic neuron precursors using CreER, a tamoxifen-induced cre recombinase whose expression was placed under the control of the Ngn2 loci.
Glutamatergic progenitors express Ngn2 in accordance with their exit from mitosis, hence the timing of Ngn2 in a neuronal population provides a precise proxy indicator of their birthdate (Britz et al., 2006) . We show that at least 20% of STN neurons born at embryonic days E11.5-12.5 displayed profuse axon collaterals with endings inside the STN suggesting the existence of a feedforward excitatory network inside the STN.
| M A TE RI A L S A ND M E TH ODS

| Animals and fate mapping
All animal use protocols were performed under the guidelines of the 
| Cell counting and immunocytochemistry
We anesthetized 8-week-old Ngn2CreER/AI14 mice (force feeding at E10.5-E16.5 or intraperitoneal injection at P1 or P7) (n 5 27) with a ketamine (100 mg mL
21
) and xylazine (1 mg mL Data were acquired at 20 KHz, filtered at 3 KHz, stored and analyzed using the pClamp software (pClamp 10, Molecular Devices, Sunnyvale). We chose this minimal length value of 300 mm based on the maximal length of the parent axon before its first bifurcation. Local axon collaterals of STN neurons, when present, bifurcated 2-15 times before 300 mm. In the quantification of local axonal terminals, we did not take into account axonal varicosities.
| Statistical analysis
We used Prism 6 (GraphPad Software Inc., La Jolla, CA) for statistical analysis. We established significance of all data using Mann-Whitney test except for Sholl analyses (Kolmogorov-Smirnov test). Proportions were compared with Chi-square (and Fisher's exact test). Data were expressed as mean 6 SEM. Significance threshold was set at p .05 for all statistical comparisons.
| RE S U L TS
We (Table 1) . Table 1 ). The two groups had similar mean soma size, total dendritic length and number of dendritic trunks (Table 1 ). In contrast, the Sholl analysis showed different distributions of dendrite intersections in the two populations of neurons with the STN neurons with axon collaterals having more intersections (p .0001) (Figure 4e ) though the value of the critical radius (radius at which there is the maximum number of dendritic intersections) was similar (Table 1) . Their ratio of dendritic ends per dendritic trunk was also higher (p .05) (Table 1, Figure 4f ).
The above results suggested that STN neurons that give off intranucleus axon collaterals have larger dendritic arbors. These collateralized STN neurons did not show preferential distribution inside the STN, either rostro-caudally or latero-medially (Figure 4g ).
The two subpopulations of E11.5-12.5 STN neurons had similar mean membrane resistance and capacitance (Table 1) . Mean properties of single action potentials (rheobase, threshold, peak amplitude, half-width duration, and AHP amplitude) and evoked or spontaneous firing were also similar for the two groups (Figure 5a -c and Table 1 ).
The proportion of fate mapped STN neurons exhibiting plateau potentials (Figure 5b ,e) was the same in both groups (2/5 and 6/18, respectively; p 5 .39). Overall, the two subpopulations of fate mapped STN neurons displayed similar electrophysiological characteristics and similar as those already described for juvenile STN neurons (Beurrier, Bioulac, & Hammond, 2000; Beurrier et al., 1999; Bevan & Wilson, 1999) .
| D ISC USSION
We showed that nearly 20% of identified and reconstructed fate mapped STN neurons displayed profuse axonal branching with endings inside the STN. In addition, collateralized neurons displayed a more profuse dendritic arbor compared to that of neurons without axon Delay to first AP (ms) 9.2 6 0.7 9.9 6 1. neurons are born between embryonic days 12 and 15 in the ventrocaudal aspect of the diencephalic neuroepithelium, with the bulk of neurons (60%) born at E14-E15 (Altman & Bayer, 1979; Marchand, 1987) . This is comparable to the birth dates identified in mice in the present study considering the longer duration of embryogenesis in rats (21 days instead of 19). STN neurons originate from the retromammillary region of prosomere four, which occupies the basal plate of the diencephalon (Puelles & Rubenstein, 2003) . After exiting the cell cycle, prospective STN neurons migrate latero-dorsally, crossing over the descending tracts of the developing cerebral peduncle. They migrate over a 2-day period according to an outside-in pattern, with the earliest born neurons occupying the most rostral and dorsolateral regions of the STN, and later neurons residing caudal and ventromedial to earlier neurons (Altman & Bayer, 1979) . The cytogenetic gradient identified in mice in the present study is in agreement with the above results in rats.
| Calcium binding proteins
STN neurons do not all contain the same calcium binding proteins (Augood, Waldvogel, Munkle, Faull, & Emson, 1999; Hontanilla, Parent, de las Heras, & Gimenez-Amaya, 1998; Morel, Loup, Magnin, & Jeanmonod, 2002 (Ammari et al., 2010; Chang et al., 1984; Hammond & Yelnik, 1983; Kita et al., 1983 ) whereas they have not yet been described in primates (Sato et al., 2000) . The difference between the present study and previous ones is the extent of labeling of these collaterals and the identification of putative terminal boutons. Truncation of axon collaterals due to the slicing procedure in the present study may have resulted in underestimation of the number of retrieved boutons.
Previous reports described rat STN neurons as displaying five to eight long, sparsely spined dendrites arborizing mostly along the main axis of the nucleus (Afsharpour, 1985; Hammond & Yelnik, 1983) .
Mouse fate mapped STN neurons had a mean of four dendritic trunks (2-9) and their dendrites were also sparsely spined. The ratio of the number of dendritic ends/trunks between collateralized and noncollateralized STN neurons was different suggesting that collateralized STN neurons had a more ramified dendritic tree, as previously reported in the rat (Kita et al., 1983) . This was supported by the Sholl analysis showing a higher number of intersections. However, both groups of neurons had similar numbers of dendritic ends and trunks.
All intrinsic membrane properties tested at juvenile stage for fate mapped collateralized STN neurons were similar to that of fate mapped STN neurons without axon collaterals and to that of the juvenile STN neuronal population in general (Beurrier et al., 2000; Beurrier et al., 1999; Bevan, Magill, Hallworth, Bolam, & Wilson, 2002) . Therefore, STN neurons with local axon collaterals are yet impossible to identify from their electrophysiological characteristics during patch-clamp recordings. Only post-hoc morphological studies can do so.
| Functional consequences
If local STN axon collaterals contact dendrites of other STN neurons (Chang et al., 1984) , they are good candidates for sustaining a polysynaptic activity in the STN (Gillies & Willshaw, 1998) . Indeed, a single stimulation of cortical afferents to the STN can evoke STN synchronization and widespread long lasting polysynaptic excitations in target nuclei and the mechanism of amplification resides in the STN itself (Magill, Sharott, Bevan, Brown, & Bolam, 2004) ; Ammari et al., 2010; Shen & Johnson, 2006) . We propose that it combines the effect of the STN polysynaptic excitatory network and that of voltage dependent depolarizing currents of the STN neuronal membrane. Such amplification would underlie the broad suppressive effect (inhibition of action) implemented by the cortico-STN pathway, which then via GPi and SNr suppresses thalamocortical drive (reviewed in Wessel & Aron, 2017) .
